Using the Nambu-Jona-Lasinio (NJL) model we study responses of the pion and kaon masses to changes in the chemical potential, ∂m ∂µ , at zero and finite chemical potential. We find that the behavior of ∂m ∂µ for the pion is quite different from that for the kaon. Our results can give a clue for future studies of ∂m ∂µ on the lattice.
INTRODUCTION
There are several methods to understand the behavior of matter under extreme conditions of temperature and/or density. One of them is the lattice QCD. While the structure of QCD at high temperature has been investigated in detail, little is known about matter at high baryon density due to the well-known "complexaction" problem [1] . One of possible ways on the lattice is to simulate the response of a hadron mass to changes in the chemical potential, ∂m ∂µ , at zero chemical potential (µ = 0) [2, 3] .
One the other hand, one can use effective models of QCD : e.g., the NJL model [4] . This model has been widely used for describing the phase transition as well as hadron properties in hot and/or dense matter [5] .
In this work we present the NJL model calculations of ∂m ∂µ for the pion and kaon. The primary goal of our study is to get the same quantities which are simulated on the lattice. Of course, the direct comparison between the lattice data and the NJL model calculations is not possible because ∂m ∂µ on the lattice is for the screening mass while for the pole mass in the NJL model. Nevertheless, we can learn some ideas for future studies of ∂m ∂µ on the lattice from this effective model calculations. Following the notation of the lattice simulations we consider two kinds of the chemical potential. One is the isoscalar µ S = µ u + µ s for the kaon (or µ u + µ d for the pion). The other is the isovector 
where λ a are the Gell-Mann matrices and m is a mass matrix for current quarks,
We take the following parameters in [5] .
where Λ is the momentum cut-off. The third term in Eq. (1) is a reflection of the axial anomaly, and causes a mixing in flavors. For example, the constituent quark masses are given as follows.
where α ≡ ūu , β ≡ d d , and γ ≡ ss . It means that a change of ūu results in a change of ss , and vice versa. Then, we can expect a change in the properties of the observables related with the strange quarks even in the nuclear matter. In this work we concentrate mostly on the Case II in [5] , where only g D has a T -dependence
while other coupling constants and the cut-off are independent of T and chemical potential (or density). Here, we set T 0 = 0.1 GeV taking into account the restoration of U A (1) symmetry as in [5] . It might be realistic to make the coupling constants and/or the cut-off dependent on temperature and chemical potential. However, at present, there is no such an estimate including all variations in the cut-off and the coupling constants except for a few estimates of the strength of the anomaly term g D [6] .
In the mean-field approximation the above Lagrangian leads to the following gap equation [5] .
where · means the statistical average and the index i denotes the u, d, and s quarks. N c is the number of colors and M i is the constituent quark mass, and
where n ip andn ip are the distribution functions of the ith quark and antiquark, respectively.
The right-hand side of Eq. (5) is a function of F ( ūu , d d , ss , µ i , T ). Then, we obtain responses of the quark condensates
, and ∂ ss ∂µ by differentiating both sides with respect to µ at a fixed T . These ∂∂µ will be used to get ∂m K ∂µ in the below. , and the variation of each quark condensate is proportional to the chemical potential.
Now, consider the dispersion equation for the kaon, e.g., the K − [5] .
where G K is the coupling strength in this channel, G K ≡ g S +g D β, and I p su (ω, q = 0) is the one-loop polarization due to u-and s-quarks. Differentiating both sides of the above equation with respect to µ S (or µ V ) at the fixed T , and using
), i.e. the response of the kaon mass to changes in the isoscalar (or isovector) chemical potential µ S (or µ V ).
First, we show
is almost zero, and this is because
is hardly changed in this region as shown in Fig. 1 . Near the kaon Mott temperature T m K ∂m K ∂µ S changes rapidly and becomes almost zero. Here, T m K is defined as a temperature at which the sum of the u and s constituent quark masses equals to the kaon mass, i.e. M u + M s = m K . Above T m K the kaon becomes a resonance.
In the figure we do not show the points in the above T m K region because there may be a large uncertainty. We can not get a reliable kaon mass in this region, and . In fact, the authors of [5] presented the kaon mass in this region using the imaginary part of the self-energy. However, the imaginary part is an artifact of the model and thus we need physical justifications before using this part. In this work we take only the real part and concentrate on the below T m K region. Fig.3 µ u = µ s = 0.06 and 0.08 GeV where the sign of
is changed even at below T m K . This result is consistent with previous NJL model calculations [7] . As in the case of zero chemical potential than the s quark does.
decreases with increasing chemical potential as shown in the figure.
In Fig. 4 [5] . 
